e fragmentation behavior of deprotonated L-phenylalanine (Phe) and its homologues including Lhomophenylalanine (HPA) and L-phenylglycine (PG) was investigated using collision-induced dissociation mass spectrometry coupled with a negative ion atmospheric pressure corona discharge ionization ( 
INTRODUCTION
Amino acids are the critically important constitutive units of various organic macromolecules such as proteins. One of the most widespread techniques for amino acid analysis is based on chromatographic separation either following or preceding the derivatization of the amino acids with ultraviolet light absorptive or uorescent functional group detection, 1, 2) or ion-exchange chromatography.
3) Measurements of underivatized amino acids, in contrast, have been performed via mass spectrometry (MS) using various ionization techniques including electron ionization, 4, 5) eld desorption, 6) chemical ionization, [7] [8] [9] [10] [11] fast atom bombardment, 12, 13) electrospray ionization (ESI), [14] [15] [16] [17] [18] and atmospheric pressure chemical ionization (APCI). 19, 20) ESI and APCI, typical atmospheric pressure ionization techniques, have widely contributed to the success of liquid chromatography coupled to MS for the fast analysis of underivatized amino acid. 14, 16, 17, 19) Collision-induced dissociation (CID) methods have been utilized in order to better understand the fragmentation behavior of (de) protonated amino acids [M± H] ± . [12] [13] [14] 16, 17, 20) It has been reported that CID of protonated α-amino acids [M+ H] + can be interpreted simply by the loss of speci c neutral species such as NH 3 12) In order to develop a more e cient MS method useful for amino acid analysis, it is necessary to discover the crucial factors governing the fragmentation behavior of deprotonated amino acids, and especially that of the non-aliphatic ones.
Herein is presented an investigation of the fragmentation behavior of L-phenylalanine (Phe) (an aromatic amino acid) and its homologues, L-homophenylalanine (HPA) and Lphenylglycine (PG), using negative ion atmospheric pressure corona discharge ionization (APCDI) CID-MS. e analytes used have the same functionality involving phenyl, amino and carboxyl groups. e di erence between Phe and HPA/ PG is simply the possession of one methylene unit more or less. While individual deprotonated molecules [ 
EXPERIMENTAL Analytes
L-Phenylalanine (M r 165) was purchased from SigmaAldrich (Saint Louis, MO, USA). L-Homophenylalanine (M r 170) and L-phenylglycine (M r 151) were purchased from Tokyo Chemical Industry (Tokyo, Japan).
e deuterium (D) labeled derivative of L-phenylalanine (M r 167), which has 2 D atoms at the benzylic position, was purchased from Taiyo Nippon Sanso Corp. (Tokyo, Japan). All of the analytes were used without further puri cation.
APCDI and CID-MS
Discharge experiments using point-to-plane electrodes were performed at atmospheric pressure in unadulterated laboratory air, composed of common air constituents N 2 , O 2 , H 2 O, and CO 2 . e laboratory temperature (298 K) and relative humidity (40-70%) were controlled using an air conditioner. e corona needle used as the point electrode was a headless stainless steel pin (Shiga, Tokyo, Japan) with a diameter of 200 µm, 20 mm in length. e needle tip had a radius of curvature of ca. 1 µm and the shape of the needle tip surface was adequately approximated by a hyperboloid of revolution. e opposite electrode was the stainless steel ori ce plate of a TSQ-7000 triple-quadrupole mass spectrometer ( ermo Fisher Scienti c, San Jose, CA, USA). e discharge gap between the electrodes was adjusted to 3 mm using a manipulator.
e DC corona voltage and needle angle with respect to the ori ce hole axis used were −1.9 kV and π/2 rad., respectively. A ceramic micro-heater was placed between the needle and the ori ce plate in order to vaporize condensed-phase analytes. Analytes di used into the discharge area and were negatively ionized. e resulting gas-phase analyte ions were introduced into the ori ce hole of the mass spectrometer. e collision gas and energy (lab.) used in the CID experiments were argon at 2.0×10
−3
Torr and 5-40 eV, respectively.
RESULTS AND DISCUSSION

Collision-induced dissociation of adduct ions [M+R]
− e corona voltage and needle angle used led to a low electric eld strength on the needle tip surface (≈ 10
) and resulting NO 3 − -free discharge area. 21) As previously reported, 21) an NO 3 − -free area can bring about the predominant formation of atmospheric negative ions R − with relatively high proton a nities (PAs), including O 2
), 23) and
). 24) Figure 1 shows that those R − ions ionize analytes M such as L-phenylalanine (Phe), L-homophenyl alanine (HPA), and L-phenylglycine (PG) to form adducts [M+ R]
− . e [M+ R] − ions can be produced via the following three-body reactions with a third body P such as N 2 or O 2 in the discharge area.
(1)
It has been reported that CID experiments on the adducts [M+ R]
− formed in an NO 3 − -free area make it possible to analyze the fragmentation behavior of deprotonated analytes 12, 14) which is consistent with the present results (Fig. 2) − . With increasing collision energy, the relative intensity of the product ion at m/z 103 increases while the ion at m/z 147 decreases. is result suggests that the product ion at m/z 147 having excess internal energy can be further fragmented via the loss of CO 2 (44 Da) to form the product ion at m/z 103. In order to understand the detailed fragmentation behavior of [Phe−H] − to form the product ions at m/z 147 and 103, CID experiments using an isotope-labeled analyte, Phe-d 2 , having two deuterium (D) atoms at the benzyl position (see Fig.  1(b) ), were performed. e CID spectrum of [Phe-d 2 +O 2 ]
− at m/z 199 obtained at a collision energy of 25 eV is shown in Fig. 2(d) . e product ions at m/z 148 and 104 are shi ed by ). 27) is process leads to the formation of deprotonated IG, [IG−H] − , at m/z 72 as an alternate product ion (Scheme 1(b)-iii) .
e
formation of [IG−H]
− (m/z 72) dominates as compared to that of BA (m/z 91) with increasing collision energy, as shown in Fig. 5 . is result may indicate that the activation energy for the dissociation reaction accompanied by proton transfer from IG to BA (Scheme 1(b)-iii) is higher than that for the simple dissociation into BA and IG (Scheme 1(b)-ii). Figure 5 (a) also shows that the reactions presented in Scheme 1(a) can begin to occur at lower collision energy than those in Scheme 1(b), while both Schemes 1(a) and (b) originate from proton rearrangement via transition states and intermediates including carbanions at the benzyl position. is can be interpreted by energy values related to proton release from the benzyl position and the amino group in [Phe−H] − , estimated approximately using the gas-phase acidities (GAs) of toluene (C 6 2(b) ). e dominant formation of the glycine enolate anion at m/z 74, independent of precursor ion species and collision energy (Figs. 3 and 5(b) ), indicates that preferential proton rearrangement via the six-membered ring transition state (Scheme 2(a)) takes place as compared to the simple dissociation reaction (Scheme 2(b) ). In contrast, the [PG−H] − ion at m/z 150 can only be fragmented to form the product ion at m/z 106 via the loss of CO 2 , regardless of collision energy (Fig. 5(c) (Schemes 1-3 ). e carbanions are most likely stabilized by resonance.
6) It is therefore concluded that the principal factor governing the fragmentation characteristics of deprotonated Phe homologues is the stability of the structure of intermediates and/or product ions. at is, fragmentations proceed to form benzyl carbanions having resonance-stabilized structures via proton rearrangement through transition states and/or simple dissociation reactions.
CONCLUSION
e fragmentation behavior of deprotonated L-phenylalanine (Phe) and its homologues L-homophenylalanine (HPA) and L-phenylglycine (PG) was investigated using CID-MS combined with NO 3 − -free APCDI. Analytes M in the NO 3 − -free discharge area were ionized by atmospheric negative ions R − having high proton a nities, e. − is the stability of the structure of intermediates and/or product ions. at is, all of the precursor ions [M−H] − dissociate to form a carbanion at the benzyl position, having a resonance-stabilized structure, via proton rearrangement through a transition state and/or via simple dissociation reactions.
If a given precursor ion [M−H]
− is capable of generating a benzyl carbanion via both proton rearrangement and a simple dissociation reaction, the proton rearrangement proceeds preferentially as compared to the simple dissociation reactions. 3. If there are some di erent proton rearrangement pathways generating benzyl carbanions in the CID of a certain [M−H] − ion, the pathway originating from the position at which a proton can be released less energetically proceeds under lower collision energy conditions. e present study contributes to an understanding of the fragmentation behavior of deprotonated aromatic amino 
